Blue, red, and yellow pigments were formed in the D-xylose (1 M)-glycine (0.1 M) reaction system. Novel red pigments were isolated and purified from the reaction solution, designated Red-M1 (red Maillard intermediate-1) and Red-M2 (red Maillard intermediate-2). Red-M1 was identified as 1,4,6,9-tetracarboxymethyl-5-(1,2,3,4tetrahydroxybutyl)-8-hydroxymethyl-3-(2,3-dihydroxypropyl)-5,6-dihydro-pyrrolo[2 0 ,3 0 :4,5]pyrrolo[2,3-e]pyrrolo[3,2-b]azepine-9-ium. NMR and CD data indicated that Red-M2 was a diastereomer of Red-M1. They are assumed to be important Maillard reaction intermediates through the formation of melanoidins as well as blue pigments.
The Maillard reaction is known to proceed nonenzymatically between amino and carbonyl compounds. It occurs in foods, in vivo, and also in soil. Melanoidins, the final products of the reaction, are brown nitrogencontaining polymers that are difficult to decompose. They have physiologically positive effects such as antioxidative activity, including strong scavenging activity against reactive oxygen species. 1, 2) They have no characteristic absorption bands in the UV-visible region, like lignin, tannin, melanin, caramel, and humins, which are generally classified as poikilopolymers. 3) Many researchers have studied the partial structure of melanoidins in various ways. 4) Tressel's group reported that N-substituted pyrrole, 2-furaldehyde, and N-substisuted 2-formylpyrroles, formed in pentose and hexose Maillard reaction systems, were identified as components of extraordinary polycondensation activity. 5) Hofmann identified novel red-brown and red compounds formed in the Maillard reaction system of arginine with glyoxal and furan-2-carboxaldehyde, 6) pentoses and primary amino acids, 7) and hexoses and primary or secondary amino acids. 8) However, above-mentioned compounds have fewer hydrophilic properties, indicating significant differences in the hydrophilic properties of melanoidins.
Benzing-Purdie et al. attempted 15 N-cross polarization-magnetic angle spinning (CP-MAS) NMR analysis against melanoidins prepared by the D-xylose-glycine [ 15 N] model system. They clarified that melanoidins contained secondary amides and pyrroles, and indole nitrogen. 9, 10) Our group tried 13 C or 15 N-CP-MAS NMR analysis against melanoidins and its oxidation products with ozone, prepared by the D-glucose-glycine model system. 11) We found an important basic carbon skeleton of melanoidins composed of aliphatic carbons, carbons connected to oxygen atoms or nitrogen atoms, and carboxyl carbons. These findings were confirmed by NMR signals not affected by ozone. We also identified C=C and C=N connectivity as important chromophores of melanoidins from the signals, that disappeared with ozone. Furthermore, nitrogen atoms of melanoidins are thought to be composed of conjugate enamine, amide, pyrrole, or pyrrole-like structures. 11, 12) Miura and Gomyo 13) and Gomyo et al., 14) found the formation of colored compounds formed in the Maillard reaction between D-xylose and glycine. Our group 15, 16) has reported identification of the novel blue pigments designated Blue-M1 and Blue-M2. These blue pigments have a methine proton between two pyrrolopyrrole rings, as shown in Fig. 1 . Blue-M1 and Blue-M2, involving the pyrrolopyrrole structure, were readily changed to a brown polymer. Accordingly, blue pigments are assumed to be generated independently and to be polymerized to form melanoidins. Not only blue pigments, but red pigments are also generated in this reaction mixture. In this paper, we report the chemical structure of novel red pigments, and we propose a formation pathway for them.
Materials and Methods
Chemicals. D-Xylose, sodium dihydrogen phosphate, disodium hydrogen phosphate, acetic acid, sodium acetate, ammonium acetate, sodium chloride, and ethanol were purchased from Kanto Chemicals (Tokyo). Glycine was purchased from Wako Pure Chemicals (Osaka, Japan).
All other chemicals were of analytical reagent grade. Water was used after purification by reverse osmosis, using Milli RO 10 Plus and Milli-Q MP-650 (Nihon Millipore, Tokyo) membranes.
Preparation of reaction mixture. The reaction mixture was prepared as previously described. 15 ) D-Xylose (1 M), glycine (0.1 M) and sodium hydrogen carbonate (0.1 M) were dissolved in one liter of aqueous 60% ethanol, and the solution was adjusted to pH 8.1 with 6 M HCl. This solution was placed in a nitrogen atmosphere and was left at 26.5 C for 2 d, then left at 2 C for 4 d in a dark room.
Isolation and purification of Red-M1 (red Maillard intermediate-1)
and Red-M2 (red Maillard intermediate -2) . After removal of the ethanol from the reaction mixture by rotary evaporation, the solution was diluted 1 liter of water. The solution was fractionated by anion exchange chromatography in a DEAE Sephadex A-25 column (38 mm y To whom correspondence should be addressed. Fax: +81-44-934-7902; E-mail: fumi@isc.meiji.ac.jp i.d. Â 220 mm, Amersham Pharmacia Biotech, UPsala, Sweden), that had been equilibrated with water. After they were poured into the column, non-ionic compounds and unreacted D-xylose were washed with water, and then eluted with a linear gradient of 0-0.4 M NaCl solution (Fig. 2 ). The red fractions were collected and concentrated to a small volume with a rotary evaporator at 40 C. The solution was then applied to a Sephadex G-15 (40 mm i.d. Â 230 mm, fine grade, Amersham Pharmacia Biotech) to complete the desalting process by water. Anion exchange chromatography and gel filtration chromatography were performed again as described above. We obtained crude red pigments as a sample for preparative RP-HPLC to isolate Red-M1 and Red-M2.
For chromatography to purify the red pigments, RP-HPLC was performed with a gradient system consisting of two pumps, type 515 (Waters, Tokyo), a Rheodyne injector (500 ml loop), and a photodiode array detector type 996 (Waters). A column packed with Pegasil ODS (10 Â 250 mm, flow rate 1.5 ml/min, Senshu Scientific, Tokyo) was used. The column was protected with a guard cartridge (10 Â 30 mm) packed with the same ODS. Purification was done using an isocratic solvent system of 10 mM ammonium acetate solution, which was adjusted to pH 4.5 with 10 mM acetic acid. For NMR, UV-Visible, and CD spectra analyses, purification was performed using an isocratic solvent system of 10 mM phosphate buffer (pH 6.5), followed by gel filtration, as described above.
Mass spectroscopy. Time-of-flight mass spectra (TOF-MS) were recorded with a Mariner mass spectrometer (Applied Biosystems, Foster City, CA). The ionization mode was set to electro spray ionization (ESI+). Acetonitrile containing 2% acetic acid, and purified Red-M1 or Red-M2 were mixed (50:50, v/v), and then infused at 5 ml/min. Angiotensin I and bradykinin (1 mg/ml respectively) in acetonitrile/water (50:50, v/v) were used as internal standards. The matrix assisted laser desorption ionization (MALDI) mode was set to record the fragment ions of Red-M1 in PSD mode (MS/MS). Highresolution mass spectra were recorded with a SX102 mass spectrometer (JEOL, Tokyo), and the ionization mode was set to fast atom bombardment (FAB+) with glycerol as the matrix. Purified Red-M1 and Red-M2 were lyophilized, and approximately 1 mg of pigment was dissolved in 0.5 ml of glycerol. PEG (polyethylene glycol) 600 was used as the mass marker. Circular dichroism (CD) spectroscopy. CD measurement was done over a range of 200-300 nm using J-805 (Jasco, Hachioji, Japan). An aliquot of isolated Red-M1 or Red-M2 aqueous solution (100 ml) was poured into a cylindrical quartz cell ('20 Â 10 mm), and then the spectra were recorded.
UV-Visible spectroscopy. UV-Visible spectra were measured over a range of 200-700 nm using a U3310 spectrometer (Hitachi, Tokyo).
Results
Red fractions were obtained by anion exchange chromatography at fraction numbers 52-63 ( Fig. 2) . Blue fractions containing Blue-M1 and other blue pigments were eluted in the latter fractions. Two red pigments, eluted at 21 and 32 min, were isolated and purified by HPLC as Red-M1 and Red-M2 (relative peak area ratio, 4.2:1), respectively. The yields could not be clearly determined due to their highly hygroscopic properties. Figure 3a The 1 H-NMR, 13 C-NMR, DEPT-135, and 1 H-1 H COSY data for Red-M1 are listed in Table 1 . The 1 H-NMR and 1 H-1 H COSY spectra of Red-M1 in D 2 O showed the presence of the 1 H spin network from H-13 to H-15 and on H-1 0 to H-5 0 of two molecules of D-xylose. This was confirmed by the HOHAHA spectrum, which gave cross peaks with proton-proton long range coupling. Figure 4 shows carbon-proton long range coupling around quaternary carbons detected in the HMBC spectrum of Red-M1. On the basis of these NMR and high resolution FAB-MS data, Red-M1 was identified as 1,4,6,9-tetracarboxymethyl-5-(1,2,3,4-tetrahydroxybutyl)-8-hydroxymethyl-3-(2,3-dihydroxypropyl)-5,6-dihydropyrrolo[2 0 ,3 0 :4,5]pyrrolo[2,3-e]pyrrolo[3,2-b]azepine-9ium. The NMR data for Red-M1 showed the presence of the same pyrrolopyrrole ring as Blue-M1, which is the major intermediate pigment in this model system and was identified by us. 15) In the structure, C-1 0 was assigned as an asymmetric carbon.
Identification of Red-M1
The MALDI-TOF-MS data in the PSD mode (MS/ MS) for a parent ion (Da ¼ 667) of Red-M1 confirmed the identified structure. The arbitrary symbols in 
Identification of Red-M2
The ESI-MS data for Red-M2 gave a peak as the [M] þ ion at m=z ¼ 667 (Fig. 3b) . The high resolution FAB-MS data and UV-Visible spectrum of Red-M2 These findings for Red-M2 indicate that Red-M1 and Red-M2 are isomers. The 1 H-NMR, 13 C-NMR, DEPT-135, and 1 H-1 H COSY data of Red-M2 are listed in Table 2 . On the basis of these NMR and high resolution FAB-MS data, Red-M2 was identified as an isomer of Red-M1 (Fig. 4) . Figure 5 shows the CD spectra of Red M-1 and Red M-2. The two red pigments indicate symmetrical CD spectra. Red-M1 and Red-M2 were identified as diastereomers of a pyrrolopyrrole compound with an asymmetric carbon (C-1 0 ), as shown in Fig. 4 .
Circular dichroism (CD) spectroscopy

Discussion
The two novel red pigments (Red-M1, Red-M2) in this study were identified as diastereomers. Asymmetric carbon atom on C-1 0 (Fig. 4 ) gave steric differences of the tetrahydroxybutyl group. The 1 H-NMR data for Red-M2 in Table 2 showed that chemical shifts in the tetrahydroxybutyl moiety fell by approximately 0.1-0.5 ppm as compared with that of Red-M1 (Table 1) . The shift to a lower magnetic field indicates that the tetrahydroxybutyl group in Red-M2 exists in a sealed region of the ring structure, such as the pyrrolopyrrole ring or the pyrrole ring. The details of the steric structure of Red-M1 and Red-M2 are now under investigation.
Generation of red pigments and polymerization mechanism
The novel red pigments showed unique structures having pyrrolopyrrole, pyrrole, and azepine rings. Figure 6 shows the proposed formation scheme for Red-M1 and Red-M2 by the D-xylose-glycine reaction system.
The nucleophilic attack of the amino group takes place on the carbonyl group, so we assume that at first D-xylose and glycine generates xylosylglycine (Schiff base I). The Amadori rearrangement product (II) of the Schiff base cleaves to generate -dicarbonyl compounds, osone, 3-deoxyosone, and so on. The Schiff base of the 3-deoxyosone and pyrrole-2-aldehyde probably generate pyrrolopyrrole aldehydes (III). 17) We also identified the pyrrolopyrrole aldehyde (III) in the Maillard reaction. 18) We assume that Blue-M1, a major blue pigment formed in the model system, was generated by two molecules of pyrrolopyrrole aldehyde. 17, 18) Since Red-M1 and Red-M2 are involved in one pyrrolopyrrole structure with a side chain of the 2,3-dihydroxypropyl group, the pyrrolopyrrole aldehyde (III) is assumed to be a common precursor of the pigments. Pyrrolopyrrole aldehyde (III) was not generated from Amadori compound (II) alone (data not shown). Therefore, we suggest that pyrrolopyrrole aldehyde (III) is generated by the reaction between the Schiff base (I) and the Amadori compound (II).
On the other hand, we assume the generation of pyrrolidone ring resulting from cyclization of the Amadori compound.
N-Carboxymethyl-2-hydroxymethyl-3-pyrrolidone (IV) is formed by nucleophilic attack of nitrogen atoms, on the Amadori compound to its carbon atom (C-4). The carbonyl group on compound III (C-1 0 ) does a nucleophilic attack to the methylene group (C-1) on compound IV, resulting in the formation of compound V, which has a methine bridge connecting the pyrrolopyrrole ring and the pyrrole ring. Compound V can be condensed by another Amadori compound (II) to give the azepine ring on Red-M1 and Red-M2 (VI). These red pigments generate melanoidins by reaction with other pigments such as Blue-M1, -dicarbonyl compounds, low molecular weight compounds and so on. Various lowmolecular weight compounds are known to be formed from the Schiff base. 19) Our studies indicate that Blue-M1 had hydroxyl and DPPH radical scavenging activity, 20) and had a physiologically protective effect against oxidative stress on COS-1 cells. 21) This indicates that Blue-M1 has the same functions as melanoidins. It can be also assumed that the novel red pigments in this study have the same antioxidative effects.
In this study, we identified two red pigments as intermediate compounds of melanoidins. These findings might be useful in the elucidation of the melanoidin structure and the formation pathway. Our results should help in the effort to construct the pathway of the Maillard reaction leading to color development in heated foodstuffs. 
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